Abstract-A direct lightning strike on a tall structure may result in damage to the equipment that is installed along the tower. This may be caused by the behaviour changes of the lightning current value and wave shape along the tall structure. The influence of this behaviour change may be contributed to by the ground reflection factor. Previous studies have assumed that the ground reflection factor is a constant value. However, this factor depends on the correlation between the tower and ground impedance.
Abstract-A direct lightning strike on a tall structure may result in damage to the equipment that is installed along the tower. This may be caused by the behaviour changes of the lightning current value and wave shape along the tall structure. The influence of this behaviour change may be contributed to by the ground reflection factor. Previous studies have assumed that the ground reflection factor is a constant value. However, this factor depends on the correlation between the tower and ground impedance.
Thus, the aim of this paper is to evaluate the behaviour of the lightning current along the tower and channel with respect to the variation of the ground reflection factor. The lightning current along the tower and channel are modelled by selecting the distributed current source model whereby the sum of two Heidler current functions is used as a channel base current. Also, the value of the soil resistivity is included in the circle electrode grounding arrangement in order to determine the variation value of the ground impedance. Thus, the results of this paper may be of benefit for the maintenance of telecommunication towers in order to set an appropriate protection level based on the soil resistivity and also when considering the installation of such telecommunication towers.
Keywords-lightning, tall structures, reflection factor, soil resistivity, grounding system I.
I NTRODUCTION
Lightning is a common phenomenon that occurs in the atmosphere. Its incidence may contribute danger and damage either to community life or to objects [1] [2] [3] . Direct and indirect lightning strikes are an aspect of lightning phenomena whereby the direct effect of lightning on tower structures is of concern in this paper. Such a strike will give rise to the propagation of a lightning current through the tower and channel which may have different values of current and waveshape at different points along the tower [4] [5] , These differences in value are influenced by a few factors such as the velocity of the return stroke, different observation heights along the channel and tower, the current function and also the reflection factor [6] [7] [8] . According to [9] [10] , the reflection factor is one of the main factors which can influence the lightning current along a channel and tower. It consists of a ground and top reflection factor. These reflection factors rely on the impedance of the tower, channel and ground. Therefore, by considering the appropriate values of this impedance, the value of the lightning current at different heights along tall structures may be accurately investigated. In this paper, an appropriate value for the ground impedance is of interest for which the ground impedance depends on the effect of soil resistivity, According to reference [11] [12] , the ground impedance increases with an increase in the soil resistivity, which in turn depends on the arrangement of the electrode grounding. Therefore, the aim of this paper is to consider the effect of soil resistivity on the lightning current along a tall structure. The outcome of this paper may provide useful information for setting an appropriate location for a telecommunication tower based on soil resistivity, Also, it may provide benefit in evaluating the current along tall structures, especially in terms of communication towers in which electrical equipment is installed. However, this work has a few basic assumptions, such as the lightning channel is assumed to be vertical and a single stroke without any branches. Also, the tall structure is assumed to be a perfect and lossless conductor and the ground is simplified as an independent variable.
II.

LIGHTNING RETURN STROKE
A direct lightning strike on a tall structure may produce a lightning current along the tower and channel. The current channel based at the top of tower is the first current that needs to be considered, A few current functions can represent the channel base current [13] [14] [15] [16] such as the Bruce-Golde channel base current function, the Heidler channel base current function, the Diendofer and Uman channel base current function, Nucci channel base current function , pulse channel base current function [17] , New Current Base Channel channel current function [18] and the Double peak current function [19, 20] . All these channel base current functions provide certain parameter values and main functional inputs into the current expression modelling the tower and the channel. These currents will propagate through the channel and also the tower as shown in Figure 1 , which represented by a few models [21] [22] [23] [24] , For example, the distributed source representation, lumped series voltage source and the electromagnetic model can be used to model the current propagation at different heights of the tower and the channel. In this paper, the sum of two Heidler channel base current function is used as a current at the channel base. Typical parameter values for this function are tabulated in Table I and Figure 2 shows the lightning current at the channel base. Moreover, the distributed source representation of the current along the channel and tower is applied as expressed by Equation (1) and (2) respectively. Also, the top and bottom reflection factors [9] are described in Equation (3) and (4) respectively which includes the channel impedance, Zch,tower impedance, Zt and ground impedance, Z g .
The distribution current along the channel h < z
The distribution current along the towerO ::; z / ::; h
where: Pt and P g are the top and ground current reflection coefficients respectively, n is the number of reflection currents inside the tower, h is the height of the tower, io is a current function, c is the speed of light for the waves that propagate in the tower, v is the speed of the upward lightning channel for the waves that propagate in the lightning channel and P(z' -h) is for the engineering return stroke current models.
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As mentioned in the previous section, the ground reflection factor has an effect on the resultant lightning current along the tower. Therefore, this becomes an important factor to examine. As described in (4), Pg is dependent on the tower and ground impedance. The correlation between these two impedances may result in different behaviours of the current and wave shape along the tower and the variation in value of
Pg with respect to the effect of soil resistivity. It is noted that the soil resistivity value is a dependent factor in determining the ground impedance as discussed in the next section.
H.,ight olchannd. III. SOIL RESISTIVITY According to [25] , the soil resistivity is a measure of the resistance value for a volume of soil which will resist an electric current. It has a variable value which is dependent on the type of soil and also the water content within the soil . This value is very significant in evaluating the arrangement of the grounding which may affect the lightning current along the tower and channel. Table 2 shows a typical range of soil resistivity values against the type of soil. In addition, the typical values of soil resistivity are included in the arrangement of circle grounding electrodes as illustrated in Figure 3 in order to determine the ground impedance as expressed by Equation (5) [26] . There are a few grounding arrangements of electrode rods which include single vertical and horizontal rods, a grid covering an area and circle. Each grounding arrangement of electrode rods represents different ground impedance. Fig. 3 Circle arrangement grounding for a telecommunication tower
Where: n is the number of the rod, p is the soil resistivity, L is the length of the rod, a is the diameter of the rod and s is the distance between two rods.
Therefore, the circle electrode grounding arrangement parameter is selected to be in the range of l.5 m to 12.2 m for the length of the rods with a rod diameter of 9.53 mm, 12.7 mm, 15.88 mm, 19.05 mm and 25.4 mm [27] . Also, the space distance is in the range of 1 xL [27, 28] .
IV. RESULTS AND DISCUSSION
In this part, the effect of the soil resistivity value on the lightning current along the channel and the tower is observed. The soil resistivity, p value is selected in the range 30 r2.m to 20 kO.m with tower impedance; Ztof 1500 at height of the tower is 100m [29] . The observations are concerned on:
The behaviour of the ground impedance and ground reflection factor versus the changes in soil resistivity value. 2.
The behaviour of the peak of current at different heights along the tower and channel versus the changes in soil resisti vity val ue.
Firstly, consideration of the ground impedance and ground reflection factor with respect to the effect of soil resistivity can be observed in Figure 3 and 4 respectively. In Figure 3 , a linear relationship between the ground impedance with soil resistivity value is noted. The ground impedance increases as the soil resistivity increases, whereby at the lowest soil resistivity value of 30 O.m the ground impedance is around 2.6 O. Then, at the highest value of soil resistivity at 20 kO.m, the ground impedance is around 1.7 kr2. In addition, the generated ground impedance result is based on Equation (5) 3 453 whereby the soil resistivity plays the main role by setting the minimum value of the electrode rod parameter of the circle grounding arrangement as recommended by IEEE 1692-2012. Therefore, correlation between the ground impedance with the tower impedance will generate different values of ground reflection factor as presented in Figure 4 . A nonlinear relationship is found between the ground reflection factor and soil resistivity value. It shows a declining trend with increasing soil resistivity value. The correlation between ground and tower impedance can be seen in the effect of the change of the sign for the ground reflection factor. A positive sign for the ground reflection factor is assigned for the lowest soil resistivity value which changes to become a negative sign as the soil resistivity value increases. The onset of the negative sign is at a soil resistivity of 2 kr2.m and above which may affect the lightning peak current along the tower and channel as presented in the next figure. Fig.4 The relationship between soil resistivity and ground retlection factor Secondly, consideration of the effect of soil resistivity on the values of the peak current along the tower is presented in Figure 5 which shows the peak of the current with a declining trend with respect to the increase in soil resistivity and height of the tower. The peak of the current at the bottom of the tower shows a larger current compared to the currents at the middle and top. At the middle of the tower, the peak current is reduced by almost 5 % from the bottom of the tower for a soil resistivity of less than 2 kO.m. Also, the top of the tower shows the lowest current reduced by almost 28 % with respect to the current at the bottom of the tower. The reduction of the peak current at different heights is caused by the reflected current factor. In addition, a significant result can be found with respect to a soil resistivity value of more than 2 ko.m whereby the peak of the current rapidly decreases at the bottom and middle of the tower.
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.O--� Moreover, the peak of current at the bottom of the tower is much influenced by the changes in the soil resistivity as compared to the middle and top of the tower. Thus, the significant results for the current at the bottom of the tower are important in determining the relevant value of the ground potential rise to reduce the significant effect of the step potential on humans. On the other hand, at the middle of the tower, the peak current may give a significant result in considering the protection level on the installation of an antenna under different conditions of soil resistivity. In addition, different current wave shapes are generated with respect to the changes of soil resistivity. As shown in Figure 6 , the attenuation peak of the current at the bottom of the tower is generated and is quickly dissipated for high soil resistivity values. Thus, by comparing the wave shape current to the IEEE standard C62.41.1-2000 [30] , this current wave shape should be noted since it may affect other objects along the tower. Also, this significant behaviour should be taken into account when considering the installation of equipment such as cables and antenna along the length of the tower. Moreover, Figure 7 shows the peak of current along the channel at different heights. A nonlinear relationship is observed whereby the peak of the current shows a declining trend as the 4 454 soil resistivity and the height of the channel increase. Based on this result, the ground conductivity can be directly effective on the current peak at different heights along lightning channel. On the other hand, the current wave shapes along the lightning channel are directly effective on the values of lightning electromagnetic fields. Therefore, by considering on the soil resistivity and grounding arrangement effects, it can be helpful for designing proper protection level. At a soil resistivity of more than 10 kO.m, there is little reduction in the current peak as it is not much affected by the soil resistivity, especially for the highest channel observations. This result is important in determining the magnetic field force which is central to evaluating the far field. Therefore, this result is significant in evaluating the electromagnetic field. It is noted that a similar wave shape as shown in Figure 6 is found for the lowest lightning current in the channel. Thus, this wave shape should be considered when placing a sensor at the top of an instrumented tower. 
CONCLUSION
The soil resistivity has an effect on the peak of the current observed at different locations along the tower. As the soil resistivity increases to a value of between 2 kn.m and 10 kn.m, the peak of the current at the bottom of the tower reduces significantly as compared to the middle and top of the tower. The peak of the current at the top of the tower is not affected when the soil resistivity increases beyond 10 kn.m.
The behaviour of the peak current under different soil resistivity conditions indicates that several considerations for the protection schemes of a tower should be taken into account when installing equipment along the tower.
